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I. SUMMARY

-
-

A-developmehtiprogram has been conducted to further
develop a General Electric oxygen sensor utilizing the fuel
cell principal of operation. The total weight of this sensor
is 1.0 pound, while its volume is 15 cubic inches. The
program objectives are outlined in NASA Contract NASA-9-1300.
The work completed under this contraét inéluded conceptual
studies, development testing; and the design, fabrication,
and checkout of two prototype oxygen sensors.

| As a result of this effort an oxygen sensor was developed
which has a normal operating life of 30 days. The sensor
has a useful rénge éf 10 mm Hg to-760 mm Hg pO2, with an
accuracy of +5%. The sensor output voltage is essentially
zero at zero oxygen partial pressure, and increases linearly
with oxygen partial pressure in the saﬁple atmosphere.

The sensor output voltage at any given partial pressure
of oxygen (pOz) increases about 1IMV/OF, This thermal effect
is compensated for by a thermistor network to provide an
output which varies less than +3.6% over a temperature
range of 35 to 110°F. Humidity has shown little affect on

the sensor output signal between 20-807% relative humidity.




-

Howevef, above 80% relative humidity the output voltage decreases;
and below 20% relative humidity the output voltage increases.

The detailed results of the test program are presented in
Section III of this report. A tabulated summary of these

results and the requirements specified in the NASA work state-

‘ment are shown in Table I below:




<

TABLE I

TEST " REQUIREMENT ‘ -

Endﬁrance 30 Days

Temperature

Compensation + 3%

35 - 110°F

Response Time 3 - 5 secs.

Humidity .0 - 100%

Accuracy + 3% full scale

Linearity + 2% -
| Range 160 - 400 om Hé.

0, Mixtures Single & Multigas

Weight 13 ounces

Volume 12 cubic inches

RESULT
30 Days

3.6% Total*

25 - .32 SecsF>

20 - 80%
+ 5% Full Scale
+ 3%
80 - 460 mm Hg.
_ +
Requires Barrier Change

16.7 ounces

15 cubic inches

* Hysteresis loop gives total variation (See Figure 22)

barrier for pure oxygen.

Rapid initial response with rate decreasing with time.

1 mil barrier required for multigas atmospheres and 4 mil




II. SENSOR DESCRIPTION -

A, Int;oduction<-

-

- Oxygen conéentration levels which will prevent physiological

and psychological performance degradation are an important measure-
ment for the control of a spacecraft atmosphere. The General
Electric fuel cell principal of oxygen measurement shows much
promise of providing a simple reliable oxygen measuring instrument
to monitor this atmosphere.

The chemical combination of hydrogen and oxygen inthe_
presence of a catalyst has been the subject of a major develép-
ment effort by nﬁmerous organizations over the past several years.
The ion-exchange membrane type fuel cell has been developed by the

General Electric Company for space powef applications. In the

course of this work, engineers noted an apparent response of

fuel cell output energy to changes in the mass density of oxygen.
This fact brought forth the possibility of using tﬁe fuel cell
principal to sense the partial pressure of oxygen as a direct
reading instrument.

The General Electric oxygen sensor concept developed

from this beginning, utilizes a miniaturized ion-exchange

membrane (IEM) as the sensing element. The basic membrane material
is procured from the production facilities of the Direct Energy

Conversion Operation at Lynn, Massachusetts, The anode side of



-

the membrane is exposed directly, via a diffusion barrier, to the
gas mixture whose oxygen partial pressure is to be measured, (see
Figures 2 and 3). The purpose of the diffusion barrier is to

limit the flow o% oxygen molgcuies to a rate less than the ion-
exchange membrane can utilize. In effect tﬁé ion-exéhange membrane
must use up oxygen as fast as it diffuses through the barrier. When
the oxygen partial pressure reaches a value such that the amount
diffusing through the barrier is greater than that required fér the
reaction, the sensing element saturates. Thin‘metal washérs, i.e.,
current collectors, are pressed against the platinum black on the
ion-exchange membrane to provide a conducting path for the electroﬁs.

Product water accumulates on the oxygen side of the membrane
until its-vapor pressure allows it to permeate through the diffﬁsion
barrier. This product Water'ié esseng?al in that it‘prevents the ion-
exchange membrane from drying out. The sensors developed operate at
approximately 2 ma. at ambient atmosphere (ﬁOz 160 mm Hg). This low
current density (.007 amp/cmz) theoretically permits 3000 hours of
useful 1ife. &

The General Electric oxygen sensor is shown in Figure 1 with
an ekploded view of this sensor shown in Figure 2. This miniaturized
sensor supplies a self-generated current which éan be applied directly
to an indicating instrument. It will sense oxygen partial pressure

continuously, to the exclusion of the other gases and wvapors.




FIGURE I.:
6

PROTOTYPE OXYGEN SENSOR
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After initial calibration in the atmosphere to be measured, the
sensor will provide an augomatic, continuous, electrical output
signal which is propoftional to the actual p0, present. All com-
ponents of the system afe miniaturized and extremely rugged.-

This sensor represents a new téchnique of polargraphic
'sensing of oxygen without exhaustion of the sensor throﬁgh irrevers-
ible chemical reaction, and without the need for a polarizing’

electrical potential from an external souwr ce.

B. Detaiied Description _

| The prototype oxygen sensor is designed to provide'a given
response to oxygen levels from 80 mm Hg to 460 mm Hg. The sehsor
is essentially a miniaturized concentration polarized fuel cell.
0perating in the concentration polarized regime extends the range
over which the sénsor is affected by changes in oxygen partial
pressure. For proper operation two items are essential, a dependable
fuel cell assembly and a mass transport limiting mechanism.

A number of materials andﬁsensor configurations have been
tried in order to develop a reproducible, stable sensor with good
accuracy, linearity, range and response time.' Section III of this
report describes this development effort.

Detail drawings of each component making up the sensor

assembly are included in Appendix B. Figure 3, an assembly drawing
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of the oxygen sensor, illqstrates the ovefall configuration of
the instrument. The sensox 9ssembly can be considered to be made
up of seven major compoﬁents: ion-exchange_@embrane, cqllectors,
seals; barrier,‘housing, Hy supply, and temperature Eompensation
network. A detailed weight breakdown of the sensor assembly is

shown in Table II. ' , ‘ S

TABLE IT

p092 SENSOR WEIGHT BREAKDOWN

Regulator & Reservoir 332 grams

Housing _ 105 grams
Sensor Body 9 grams
Connector & Screws 8 grams
" Retaining Nut ' : 6 grams
Collectors : 1 gram
Temperature Compensation Network 5 grams
"O"_ Rings : - 1 gram
Seals | .~ 2 grams
Barrier ‘ ‘ 0.5 gram
Ion-Exchange Mewmbrane 0.5 gram
Lock Wire & Nameplate : 2 grams
TOTAL 472 grams (1.041 1bs.)

10




1. ion—Exchange Membrane: The ion-exchange membrane itself
is a ;009 thick solid éolymer imp;egnated with an electrolyte, poly-
styrene sulphonic acid (PSSA). This membrane acts as a impermeable
partition between the reactant gases. The electrodes are composed .
of platinum black deposited on each face of the membrane. This
catalytic coating on each surface serves as the electrode for that-

gas exposed to it. At the hydrogen electrode, H gas dissolves

2
in the platinum to yield protons and free electrons which are trans-
ferred via the current collector as a negétive current. The protons
move from the H, side platinum directly to the membrane and are
transported through it to the oxygen side. At the dxygéneiectrode
these protons pass into solution with the platinum. Oxygen
is adso¥bed on the plétinum surface and is available to combine with
the protén gpd the free electrons transported from the H2 electrode
to form water. This type of membrane has an advantage in that the
~electrolyte remains non~diluted by HZO formed as a result of the
oxygen-hydrogen reactién. The IEM is approximately 60% water so
that variations in water contact at the surface can result in signif-
icant changes in diffusion rates and conductivify ofrthe desiccated
portions.

An external circuit is provided to connect both
electrodes to a fixed electrical load, in parallel with the EMF.

A voltmeter across the load will indicate an output related to the p0,,

and can be calibrated in any units, desired (mm Hg, psia, etc.).

11




2. Current Collectors: Metal plates, or current collectors,
aré pressed against the carbon blaé& on the membrane to provide a
conducting path-for the generated electrons. Figure 3 illustrates
the positicn of these collectors in relation to the membrane. The
intefnal resistance of the cell depends not only upon the électrolytic
conductivity, but also -upon the resistance associated with the current
collectors and lead wires. Tantalum has been used as the material
for the current collector. This metal has some unique properties
which could lead to difficulties. Iﬁ is a fefractory material and
so non-corrosive; affected mainly by hydrofluoric acid. It protects
itself by growing an oxide film on its surface at room temperature.
Not only does this film serve as an inhibitor to further oxidation,
it also increases the r?sis;ance to electron flow into the metal.
Positiveiy po}arizing the film.in the” presense of.O2 increases- the
filn thickness and its resistance. Fortunatély, in this cell, the
02 side is negatively polarized and the film does not grow. But
the initial oxide layer caused by exposure to atmospheric air may
have enough resistance to be troublesome. Minor abrasions on the
surface tend to break the continuity of the film énd, therefore, to
1o§er its resistance. Testing shows that a cleansing with
hydrochloric acid‘and a light buffing of the coﬁtact surfaces should

eliminate any trouble. Tantalum wire is spot welded to the current

12



collector and used to conduct the autput current to terminals on
the outside of the plexiglas insert.

-

3. The seals consist of two Viton "A" washers .125 inch
thick. Leakage of hydrogen to the oxygen é;de of the ion-exchange
mémbrane causes polarization of the cell and reduces output signif-
icantly. Therefore, it is essential that all leakage paths around
the membrane are eliminated. It is also important to make sure
all of the oxygen flows through the barrier. Any oxygen‘that bypasses
the barrier, will produce an increased non-linear response. The
seals are positioned so that compression will extrude the seal around
the current collectors assuring a leak tight system.

4, Barrier: In order to insure that the ceil is currént
limited, (concentratioﬁ'polérized), a diffusion barrier is placed
in the path bétween the oxygen'supply and the oxygen electrode.

This essentially creates a pressure drop in the 02 inlet, allowing

the external pressure to be higher than the saturation pressure of

the cell itself. The silicone barrier utilized on the oxXygen sensor
was selected for its high oxygen permeability. In order to achieve
maximum sensitivity, this material was selected over many commercially
available materials such as cast teflon, polyethylene, polypropylene,
and polypropyl nitrate. For low pressure applications a screen has
been inserted over the barrier, to pfevent it from bulging outward

and tearing. Pressure differentials in excess of 750 mm Hg can be

tolerated with this design. The barrier is positioned directly over

13




the collector to minimize the volume between the ion-exchange membrane
énd the barrier. The shorter the gap between the barrier and electrode,
the less water and gas that can be trapped in this volume. Any water
that builds up on the oxygen side of‘the membrane musf be kept to a
minimum or the overall permeability will be greatly decreased as the
diffusion rate of oxygen in air is a miliion times that of water. A
one mil silicone barrier was selected as permeability is approximately
a linear function of barrier thickness. Thus sensitivity and response
time are affected by the thickness of the barrier.

5. Hydrogen Supply: A threé cubic inch reservoir has been
provided té store a 30 day supply of hydrogen at 2000 psig. The
rate of hydrogen consumption is a direct relationship to the amount
of currenf produced. Tﬁe electro—chemical equivalent for hydrogen
is 26.6 ampere-hours per gram, or 1 milliawp requireé .007 cc/min of
hydrogen. At atmospheric pressure the sensor will utilize .014 cc/min
of hydrogen.

A éingle stage pressuré-regulator is provided ﬁo reduce
the storage pressure to 15 psia for delivery to the ion-exchange mem-
brane. The orifice of the regulator is sized to péss a minimum flow
of 0.13 cc/min.

The specification for this regukitor;reservoir is included
in Appendix '"D". A charging port at the bottom of the reservoir allows

filling of the reservoir from a high pressure hydrogen source. A test

14



port downstream of the regulator adilows access to the hydrogen side
of the ion-exchange membrane fér monitoring hydrogen pressure or
evacuating'the storagé'chamber.

6. Temperature Compensation Network: The temperature com-
'pénsation hetwork consists 6f a series parallel circuit. A thermistor
and 20 ohm resistbr are in parallel with a 51 ohm resistor and a 0 to
50 ohm trimming potentiometer. The thermistor chosen has a resistance
of 150 ohms at 35°F, 50 ohms at 77°F, and 25 ohms at 116°F. Figure 4
shows an electrical schematic of the temperature compensation network.
The network has been potted in place on the inside of the aluminum
sensor housing. Three iﬁcﬁ leads are utilized so that the plexiglas

insert can be removed from the aluminum housing which contains the

- trim potentiometer and the connector.

15
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I1Y. DEVELOPMENT PROGRAM

The development program for the.pO2 sensor can be broken down
into four hypothetical Phases A, B, C, and D). The griginal,experir
ments in PhaSe A, were conducted on test models made of stainless
steel and gave unsatisfactory results. »Phase B included a -broader
approach to the problem with many and varied approaches-éonsidered
and tried. The decision to use tantalum current collectors and a
plexiglas body with no reservoir or seals 5egan Phase C,’ Phase D
consisted of conducting the detailed development tésting on the
final configuration. Figure 5 shows a schemétic of ﬁhéée phases
with the tests performed in each.

Phase A: In the béginning of Ahgust 1963, the fabrication of
two test model sensors, which had been designed on the basis of
knowledge from prior programs, was-completéé and sensors were
readied for testing. Since it was not known whether the cells
would be run at currents high enough to produce the amount of
water sufficient to maintain the neceésary moisture state of the ion-
exchange membrane (IEM), a 1iquié reservoir Qas included within
the fuel cell. This reservoir was in the form.of a conducting
kelectrolyte path located in a plexiglas spacer placed between two
membrane half cells, Type A (Figure 6). The half cells are membranes
which have platinum black deposited on one surface only. The

electrolyte commected the two uncoated surfaces of these wembranes

17




‘ I2=/2-62
/y&z Sen sorR

Lot EN T E
- Eies -

FrEL OAYIEN T

. . @
-~

SrANLESS STEEL Boby | ouUTPUT LoW
2 HALF CFLL (9E195RALES —3 no7r REPRDUCIELE
SOy IN wycr

Ce '
. FuASE ﬂ/‘;,fe%f::fzf Qame AS ABOVE WiTH
A DE/ 10/ STRTED S/LIC oME i BBER DIFFUSIA
FRRLIER { LINERR
- . 73 VARIAT? 0N
P RLL EELL 17EHBRANE (C’F'p o
AOT REPRCL.

T BE DIelorTING LABEICHTE FLEXISCLAS BolEs|

GOLL FILrG FounNd 2 EelLd FPLATE STAMLESS ST, -
0%
ANO foRous LiTH GOLL AS CULEENT ColLECTE

- NEU TOU EXCHAIIGE MTENS,
© FHASE _ v HALF CELL £ FULL CELL

B SEAL TESTS - "O'RING
seaLs ABANDONED S S—

TEr, SeRyes as L f
SK &7 . 4 4 )
é — XIS SeDr—T8 Fol WIGH ou7#T EURPENTS
W eesee \TvEER A SARER | \ Oy Cers 7 ColLeCTOR = —d GESLLTS FReriSNE
‘ .‘Sﬁowl/}/ FRIED) THEN SIL/CHE] 2 AL CELL FIELPERINES L7 OO SIS TANT
=SS HER L 7 .
LERe Mﬁ( gaggg’e - Bo7H O4used W SCy W WICK '
PO RANGE L RREAIT LUITILE - DT PuT
; ; Twe SILAR AOPELS| \ VAR IABLE
Ao/ ST CTEL L moe
| : ESLLTS
\ 7
Hest o, [PLEXNGLAS Boot <74 FIATE ‘ SYME NS ABo v & wITH ouTPUT CEN ETEAL
REPROD( ] weggprqouecmﬁs SILICONE RZEER 1 YA AELE
Geelte | |1 FULL CECLFTIETBLAVE ‘ DIFFLtSion BARRIEE
' |
Ot ent) | ) Plevicing DY | (RS -
ffsaf; . ‘9’2/2 S‘Vgs 7F fon Curecel ) gRo . \ . )
it gherier || ek S ate PLExIELAs Booy ~ T Forte |\ Fo;ﬁ,
i ) AL 0ETL. AurTH TR0 ! LT ¥
BAL |pLeX/cLAs &0 - 75 Fort

‘ o BLAGK ARAS 0N
A . . SHrE S 06 M/M("ZWQ \DPSK;:’) Qur. ded, = EFS&’K’:/D/,Q
FPLEX G175 £oDY — ‘ ARouD ELFES o
7 LA TE ke L. BADBENGNS | £irey cote  MEPT1ERSI
L ENIG A Lopy-H, Forl. CURLOL,
<’ ACLD ACANHD JHEQUG Y

JEULLLELL RN
emBertt | N poppirrap Se AN MK
o7 ACLD p BV E

0;/#/*}2?@2 FHLED W

- — PO OO T EXTERANY SUA
[ ‘ ; N FHASE B
ACCEFTARLE
s74L | eccers -
B OPERAYING- ll!/ STt pPERATING

POM’/?/}C 7T LEsi5A0 |

18




/gﬂz JEvsor

g SIC SoNfTE

-3

Y o A A

ep7IONS 6. 6

o _ -

' f) , D Srawtess STEEL Body
1 —0 ’ (2) HF et PIEIIBREAE
EN— (B Sgcel. poLdNG MK

oyl =4 @ PO CYAIEER
[L @ o' fine SEALS
O A exuat 7S BobY

@FZ«*{/ af-zZ ST EPPLLEAE
& 74 For o SLNTE Cerke
doLL ecTORS
D SUHCER 1 FIED FER

o @
/@ D AT (o wic k)

WA TER ReSERVOMR

() DyErusion SARLIER

““//z, TD BARER PETAIER.
Assem By’

19




S AT ULt T TN

o . o g [~ A7 </ 44
: Fe
_h L : 1
_ o I S e e - yL..v..
e 4-p A NN
- - e ded
F v T 1
u | - 0]
t - =
i
Fi 1
§ { W
1 EA T
(R
NNy . !
i {
RS 1 I -
HE i
: 3
!
Wy st
[N
1y .l ]
i
] | L
I +
W) I
i
1Y [N
i
1
' P4
T i
% - i {5 :
I L Hw
T St
)
; Ll
A}
Y I AWE)
i 4 { oL il N
] i - u
1
DERSL
SSEE SRuNERARES
\ 5
AL
| b
= [
il
r
]
i
i+ -ty
il
] 1
4
L - 1
- —~ r
B o {
i
v 7 b=t b ", c Iy nad
¥ . ot - W ﬂ, - Mtﬂx \r\m,y_. A &m‘!i 3 < m i
. PRI RO, o o e -p
\\h\\ 4 .(\_«r mxi\ [ l-in\& Lt LR F.hxu@'m “R. Mvu\ ‘LM\\\ 4 [
. |
=3 oo/ -t 3 5N mn.m o’ AN AN YA » v A u.nxd‘\\m\..\\.. ‘yswvx‘wm
! rd

"y

20



(Fem) 07

T ot OE 1255/ Jo/ a

21

.. I
ot
T T H AN
T RN T3
¥ 1
o JERUTN I S I
bt
]
I3
I "
t
1
. 2 i
A5 e
] Gdad T B AT S 1 ] 1 T
[EUEINEE 8 R R 7 o o 1 |
F 1 oy Mol B
s oot
5 e
- - e
o
s
P s ony. 00
~T 1T e
= ETH R B P T P i !
i
g | i
1 | - 1
2 I
f
, ,
3
9 I 1
3 ! I ot
» 1 - T
L ;
78 i
al 1
7 =
4
.. 1.
I
At Fd
W T
L]
i
9, N
& i
Reld
i+ ¥
P
o
A
L
m
i
T
]
i
|
a3 k
g
I
!
[ ]
IR
i
I {
i Pl
£ [
4 1 I t
iy AT b ol et WL o) i y B, 2l Lal . sy e 1) ] i
™Y I TP et e g % 5 i
% 4
o F &4 Vil ABKE: Se NN S d £ 4L Ptk 3 Gl AP = v P
v P UK T
1 { ! !

£ &




with each other while the platinum coated electrode surfaces faced
the hydrogen and oxygen respectively. "0 rings éressing against
the membranes on the coated sides served as seals for the acid and’
gases. The stainless steel body of the sensor which Qas made in
two pieces, each insulated from the other, held the membrane-reservoir-
spacer-membrane sandwich together and also served as the current
collector at each electrode. Since the ion-exchange membréﬁes are
cationic acid membranes, HoS0, was used asﬂthe electrolyte_in the
reservoir.

Curves of 1 and 2 of Figure 7 show the relatively 1owvoutput achieved.
Curve 1 shows the initial output of the cell aﬁd curve 2-the output
a day latgr. |

In ordgr to test thé cell Withouf the acid electrolyte and since
fuel cell mewmbranes, coated with plati;um black on both sides were
availéble, a sensor was modified ﬁo accommodé;e this arrangement.
The output was non-reproducible with time but it gave a linear response
to pOo. Whereas the cells with the reservoir had shown hardly any
response to p0, and had given the impression the cells were 09 saturated,
this latter cell produced a very eﬁéouraging curve, Figure 8, Curve (1).
Further testing showed that output signal variation and low values

made these cells unacceptable. Proceeding under the assumption that

constituents of the stainless steel were contaminating the mewbrane

22




and/or catalyst, it was decided to attempt to mask the steel so
that it did not make direct contact with the membrane. A gold film
was deposited om the currént cgllecting surfacesbof the steel‘body.
This was expected to provide a shield for the IEM,<Bﬁt upon close
examination, it was discovered that the film was discontinuous and
very porous. In an effort to remove the possibility that the
stainless steel wunlé exert(any'influence on thé cells' dutput, a
sensor was made in the same configuration but with plexiglas replac-
ing the steel members. Current collecting surfaces were ﬁade by
depositing a gold film on the plexiglas. This film was also found
to be disééntinuous. For economic'reasoﬁs and because éf the fact
that the gold and platinum diffused into each other duriné use, an
extensioﬁ of this approgch was prohibitive. Phase A therefore ended
without pfoviéing a workiﬁé fuél cell’lét alone é pOé sensor, but
it did serve to eliminate a number of possibie blind alleys;

Phase B: After reviewing the test results it became obvious
tgat the stainless steel in the ériéinél sensors, couple& with the
possibility that the IEM may'have been dried at one time, were
mutually the basic causes of the erratic readings.. Upon the
delivery of fresh membrane, the sensor éssembly waé changed. A series
of tests conducted on the membranes held in test'assembliés wﬁich
simulated the mechanical arrangement of thé sensors, éﬁowed that
the "0" rings were unnecessary as seals for the mémbranes.' Under

- a sufficient pressure, the membranes acted as their own gasket, compressi

23




enough to seal. This knowledge allowed the "0" rings to be
discarded, greatly simplifying the cell construction.

RN

Since plexiglas was now used as the material for the sensor
body, and the gold film was found inadequate, a current collecting
material was needed. Aftér a material investigation tantalum was
selected. The only form of tantalum immediately available at the
time was pure tantalum foil. This was used in conjunctidﬁ with
twd half cells separated by a sulfuric acid reservoir.: A photograph
of the type "A" sensor described is shown in Figure 9. The output
was markedly much higher than before but it was erratic, varying
from day to day and even hour to hour. The sensors wefe assembled
and disassembled ﬁntil éne or two were fabricated that had outputs
constant for up to twé days."A photograph of a typical test setup

-

to evaluate performance is included in Figure 10. Performance
testing was accoﬁplished by evacuating a bell jar and admitting

a mixture of oxygen and ﬁitrogen to atmospheric pressure. A review
of the literature revealed that current limiting could be accomplished
by diffusion through all three physical states, gasyliquid and

solids. In an effort to see if current limiting could be effected
upon the cell, a layer of water was placed on the surface of the O2
cathode covering it entirely. The effect was that the output voltage

was reduced at high current. A silicone rubber diffusion barrier

was next wutilized and its effects were more severe than that of the
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- FIGURE 10.: TYPICAL PERFORMANCE TEST-TYPE"A" (CONTAINING RESERVOIR)
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~water, causing a greater degree of polarization at high current.
Curve (1) of Figure 11 shows the general shape of the E-I curve
under concentration polarization caused by the diffusion barrier.
With this improvedvﬁerformance,‘the next step was to produce
a cell with a stable output. In order to accomplish this, a number
of different cell configurations were éried. Two models similar
to the above were made and tested but also gave poor results. A
barrier was'placed.on these cells but the sensor gave variable long
term results. |
Modifications included a design with a double sided membrane
and a reservoir around its edges, Figure 6, Type D; a single sided
membrane with two separate platinum black patches on the same side
and a reservoir behind, Figure 6, Type E; and two single sided
membranes with a reserQoir %hich was -open to the outside so that
acid could bé added or subtracted, Figure 6; Type C. The first
of these failed because air diffused through the water in the reservoir
and reacted at the electrode surface to increase the cell output.
Variétion in water level varied the output. The second configuration
failed because the path from one electrode to therthér, length-~
wise through the membrane, was not very conductive to protons. This
may have been because the resistance along a path parallel to the
surface of the membrane is higher than that perpendicular to it or

because the sealing pressure applied between the electrode areas was
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so great that it forced the water out of the membrane causing

drying and therefore an indrease in its resistance. When acid
was used in the reservoir instead of distilled water the butput
was very high and stable as long as the acid level remained the
éame.

The third configuration allowed eiperimentation upon tﬁé acid
in the reservoirs since it was now accessable. This cell displayed
the same non-static outputs as did the earlier cells. A photo-
graph of this cell appears in Figure 12,

Upon investigation it was found that the cell output'varied
with the_concentration of H2804 solution. This was to be éxpected
since thevconductivity-of the solution varies with concentration,

-

being highest near 35% concentration and decreasing above and below
this. The interesting fact discovered with this cell was that the
acid freely migrated through the membrane and its volatile components
evaporated. Water formed in the reaction was also probably entering
the reservoir. Both of these phenomena varied thg conductivity of
the cell. Alsc the loss of electrolyte caused the contact area
between electrolyte and membrane to be reduced so that uniform wetting
was not maintained. All in all enough evidence was provided to

discourage further use of cells with conducting electrolyte reser-

volrs.,
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The only alternative left was to eliminate the reservoirs
completely by trying a full cell, T{double sided membrane) instead
of two half cells. In order to make the cells easier to asseﬁble,
~ thick, rigid, tantaluﬁ.plate was shaped into current collectors
and used as an integral part of the seﬁsor body. This began PhaseAC,

which utilized Type B and F, Figure 6.

Phase C: For the first time in tﬁevprogram a.reproduéigle,
high output was maintained by the test sensor. The original cell,
once it was started, had a barrier plaéed on it and continued in
operation for more than three months.

This success was followed by the assembly of a similar cell first
using foil and theﬁ tantalum plate. That cell also operated for
2-3 months. The effect of the barrier is clearly shown by Figure 11.

-

where the outpuﬁ of a very efficient cell was drastically reduced.
Figure 13 shows the comparison’of the outpﬁt of another cell before
and after the barrier was added. This later cell was more polarized
before the barrier was added than the previous one. The apparent
rise of output after the addition of the barrier came from the
increase of moisture in the membrane caused by the water trapped
between the barrier and the membrane. The shape of the curve,

specifically the voltage drop at high current, indicates definitely

‘that the cell is current limited.
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The response of a cell to p0_ is shown in Figure 14. The

2

flattened slope indicated the effect of the barrier. A comparison

of response to p02 before and aftér'curfentllimiting is shown by
Figure 15 curve B. The unpolarized cell has a fast fising logarithmic
responée the shape of which can be varigd by the diffusion barrier

used. In practice, when a rubber barrier is placed in front of

the electrode, the water produced is trapped. After equilibrium is
established between the liquid behind the barrier and the steam
diffusing through it, the membrane assumes a steady state moisture

level which usually enables it to produce an output slightly higher

than the unshielded cell.

Now that an operating fuel cell with repeatable output was on
hand, a Aumber of tests were run to determine how this sensor responded
to various‘st§muli. A family of E versus p0y curves were rum at
different load resistances, Figure 16. Thelhigh resistance, low
current, lightly loaded curves continued to resemble the non-polarized

curves in as much as they were basically expanded logarithmic curves.

At low resistances and higher current densities the effects of
concentration polarization were eQident in the diétortion of the
logarithmic type response curve. These were reverse curvatures
superimposed upon the logarithmic curve. The response to p0, should

follow the equation:
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where ( -Jéll> is the composite dlffus;on coefficient for water

Desg
and silicone rubber given by
§ . L& +D§
Detf D, D,

The next area of interest was the time response., It was obvious

from normal test runs to that date that the sensor responded immediately

to p0, changes, but had a slow rate of changé. The celi with no

- barrier responded rather rapidly when moderate or high curfents

" were drawr. The time éontant‘was on the order of 5 secé. as illustrated
by Figure 17, With the barrier addea, the response was slowed con- |
siderably. The time constant varies, depénéing upon whether
pressure is being increased or decreased, (Figure 18 and 19). When
the external p0, is increased the cell seems to respond faster than
when it is decreased. No satisfactory explanation for this phenomena
has been uncovered yet but it appéars to be linked with the fact
that the rate of change of flow into the electrode decreases as a
function of pressure decrease and increases as pressure increases.
Then the velocity with which the cell reaches a new steady state

equilibrium decreases in the former case and increases in the latter.

The time contraints would, therefore, vary.
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Phase D: Six new smaller, compact sensors were used for tests
investigating and defining basic operating parameters of the

sensor. An exploded view of the type "G'" sensor appears in

Figures 20 and 21.

1. Barrier Selection: Initial tests were directed at the
selection of a suitable barrief. It was- soon apparent that
current outputs far exceeded theoretical values based on the
permeability of the barrier being tested. It was suspected that
oxygen was by-passing the barrier.

The type "G" sensors had current collectors protruding
through slots in the sensor housing. It was thoughtthat lapped
surfaces on the cﬁrrenf coilectors apd pressure due to torquing
the retaining nut would effectively seal the ion-exchange membrane
from atmospheric oxygen. However, iﬁ was proved that leakage
was indeed taking place through thevjoinf.‘ Possibly minute
scratches on the collector or platinum black allowed atmospheric
oxygen toc by-pass the barrier. Any molecules of oxygen that by-pass
the barrier will tend to increase the output and saturate the load
curve. Oxygen that penetrates the hydrogen side of the ion-exchange
membrane will be adsorbed and polarize the cell. To eliminate

this leakage a new housing and current collector was designed, and

41




BY
CK.

DATE /—2s-44 REV.

PAGE ¢
MODEL p &, SerseR
REPORT

C ) ELECTRIC

| BROCIER RETAINER T

 BARRIER

‘/,se:m.'/x/ur—.“
| / . 7EFloN FASKET R

Oy CureenT CaLl (xro&‘ 4
, /0/\/ é‘k(‘/l/i/“Gé"/Yéf*/&W/E :

/2 Hy OuRpNT COLLEETOR
PUBCER, CASEET™

3
i H
| {
i i
= —— e — S U S -
_ i : e
i

FORM 1-813a B (2-583%

42




BY

CK.
DATE /-z¢ ~44 REV.

GEMERAL

5 ELECTRIC

PAGE /
MODEL plz SEMSOR
REPORT

4+ - BNk
BARRIER PETARINER ——==/ -y |
UWKIT / SEAL MLT”
Fisser : / TEFLON GASKET
B AR JE = / Zprerer! |0, CurRRENT COLLECTOR
104 EXCHAYGE / ‘ s \\\35 N, CuRRENT COLLECTOR
HEHBRANE - PuBBER GASKET
o : - Boby’
' o
S, el — ol Jewsoc T

FORM 1-8138 B (8-58)

43




designated type "H". This sensor utilized .020" diameter wire

for collector leads which penetrated the housing through small
holes. A schematic view of this cell appears in Figure 22. Now
current outputs of the sensor agreed with the theoretical outputs

based on oxygen permeability coefficients for the material used

as a barrier. A trade-off was now necessary between response time,

CO2 range, linearity, H2 supply, and current. In order to maintain
" the moisture in the ion-exchange membrane a current of 2 ma was
selected as a minimum current. Table III shows permeability coefficients

for representative films surveyed. On the basis of its high per-

meability to oxygen silicone rubber was selected. Oxygen flow can

be calculated by:

Q = Total number of cc permeating per second through the film.
= Number of cc (STP) passing per second through one cm? of
a film one cm. thick under a partial pressure differential
of one cm of mercury.
A = Area 6f film (cm2)
AP = Partial pressure differentigl (cm of mercury)

d = Film thickness (cm)
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Q = 525 x 10710 (.316) (16) -_ 10.45 x 1075 cc/sec

7 .00254
Q = 62.9x 10’4gcc/ﬁin
1l ma = .0035 cc/miﬁ of 0, ' - *
“current = 62.9 x 10"4 ce/min _ 1.8 ma

35 x 1077 cc/min
A practical consideration was that silicone sheet material
cannot be procured under 1 mil. An exposed area larger than the .25
inch diameter presently used would have to be utilized if higher

current values were desired.
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TABLE TII

-

@

0US FILMS TO OXYGEN

PERMEABILITY COEFFICIENTS (p) OF VARI

FILM 0, "P"
"Tedlar" Polyvinyl Flouride .02 x 10710
"Mylar' Polyester .02 x 10*10
Cellulose Acetate 7 x 10"10
Polyethylene 3.2 x 10-10
Natural Rubber 23 x lOflO
Silicone Polydimethyl-Silozane 525 x 10“10
Polypropylene (Beckman) .02:06 x 10-10
PPO (GE) - 15 x 10-10
Cast Teflon 18 x 10-10
Ethyl Ceilulose 26:5 x 10'10
Polystyrene 24.0 < 10~ 10
Polybutadiene 19 x 10"10

P = (St'd. cc) (cm thick)
(Sec (cm®) (cm Hg. AP)
Q = PAAP _ cc/sec
3 =

hi




2, Hydrogen Leakage - Initially leakage tests were performed

-

on all new sensor assemblies by subjecting the hydrogen side of
the sensor to ﬁitrogen ég 20 psig, and submerging the sensor in
distilled water. Since the hydrogen pressure is ﬁaintained at
approximately eight inches of water for normal operation, ﬁhis
excessiﬁe pressure was deemed adequate. However, submerging the
cell in water altered the“permeability4coefficient of the barrier
and it required many hours before a reasonable value was achieved.
In addition, this method did not show up leaks that possibly
developed during the test. For these reasons anlimproved leakage
test was initiated. - Initially a bubbler was used on tﬁe hydrogen
inlet which gave an indication of hydrogen consumption. Later a
capillary "U" tube arrapgement was used for precision measurements

-

of hydrogen flow rates. A schematic of this test set-up appears

in Figure 23. Test results showed that hydrogen consumption

correlated with theoretical rates within 6%.
\

3. Electrical Leakage - The capillary "U" tube test apparatus

shown in Figure 23 was also utilized to evaluate electrical leakage.
At open circuit voltage OCV) no current should flow; thus no hydrogen
should be consumed. Tests showed OCV hydrogen consumption of .0014
ce/min. or leakage currents of 0.2 wa. This current leakage is

attributed to low resistance througb the area cleared'of'plétinum
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on the periphery of the membrane.- This area is scraped by hand
to prevent a direct short between anode and cathode. Visual

-~

examination confirms that some of the platinum black is embedded in
the interstices of the polystyrene membrane accounting for the
current leakage. It is suspected that additional migration takes

plaée with time and that this current leakage is progressively in-

creased, accounting for the slow downward drift of the output signal.

4, Material Compatibility: During the course of development

testing on the type "H'" sensors it was evident that a major problem
existed in a persistant downward drift of the sensor output. The

downward drift was evident when p0, vs output curves were performed

on successive days. inyestigation of open circuit'voltage (ocv) showedf
deterioration. After initially asséﬁbling a sensor an OCV of over 0.9 |
volt could be achieved with the barrier ih-ﬁlace, however the value
dropped off to 0.6 volt in less than 48 hours. It was evident
that the decreased OCV brought about the lowered output curve. A
check of the materials utilized indicated that the constantan
wire used for a collector lead oﬁt and the butyl rubber seal washers
were suspected as poisoning the ion-exchange membrane.

Constantan contains 607% copper and 40% nickel. Nickel is

not a material recommended for use with the membrane. The isobutylene

and isoprene, constituents of butyl rubber have unknown affects on

50




the IEM. The constantan was rep}aced by tantalum leads and Viton A
was substituted for the butyl with good results. Two type "H' sensors
assembled with the tantéi&m leads and Viton seals ran for over 30 days
with untriomed repéatability wifhin{i6% (output véltage). These'

performance curves are shown in Figures 24 and 25 with a photograph

of the test set-up included as Figure 26.

5. Platinum Migration: Todpreventvthe ion-exchange membrane (IEM)
from shorting out, assembly procedures callea for removing platinum
black along a 1/16 inch border around the periphery of both sides
of the IEM. This eliminates the chance that a conduction path might
allow current to shért between the cathode and the anode. Examination
of ion-éxchange membranes after test showed that platinum black had
migrated 6nto this cleaﬁed area. Investigation showed that the
electrical leakage of the unit had indeed increased. A disecting
microscope was utilized to assure that all platinum black has been
removed from the border. Subsequent testing showed that this migrationf
is still a problem. In removing the platinum black some of the
material is lodged in the pores and interstices of the polystyrene
and cannot be removed. A 'bulls eye' type of. ion-exchange membrane
is necessary to eliminate all current 1eakage.’ This would have to
be manufactured in a special pilot run by the GE-Direct Energy

Conversion Operation. Cost and schedule precluded obtaining these
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special IEM's under the present NASA contract.

- -

6. Temperature Response: The temperature range in which the

sensor must operate'extends from 35°F tovliOoF. if was~anticipaﬁed
that the output voltage wouid increasevwith higﬁér temperatures.
This would affect the entire E-I curve by shifting it upward with
temperature increases and downward with temperature décreé;és.' When
a load resistance is chosen it ﬁust be léw'enough so that when the
temperature drops the cell will continue to operate in the rate
controlled region intended. Assuming, therefpre, that the changé

in temperature allows the sensor to continue to be concentration

polarized, the following equation can be applied.

- £o1 fbag
f E“f?ﬁmﬁfw(@@)(@ﬁ/‘) dﬁ,(/ o t""‘u&,) @,5&@ Y- #-.D@ng,f’ s

&é‘, @@%@ {5@&‘%8@!) |
T

The terminal voltage, therefore, varies with the absolute
temperature. The severity to which it is affected depends upon the
constants in the equations. Initial testing over the temperature

o ‘
range 35°F to 110 F with a non-compensated sensor produced a curve
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with a slope of 1 mv/°F. Figure 27 is a plot of this curve. A
temperature cqmpensation.network was designed and tested in a bread-
board configuration dsing a cpnstanp,voltage source to simulate

the sensor oufput. This curve shown in Figure 28 confirmed the
theoretical slope the circuit was designed for. With the slopes
confirmed‘it remained to join fhe circuit to the sensor and check
overall variations. A curve showing output voltage variations

with temperature for the final configuratioﬁ is shown in Figure 29.
The overall temperature deviation has been held to .025 volts or 3.6%
-of full scale value. The hysterisis affect -can be attributed to

temperature lag or iesponse time between the thermistor and the

ion-exchange membrane.

7. Tiﬁe Résponse: In order for the p02 sensor to be useful
as an operational instrument a rapid time';esponse is desirable.
As O2 flows through the barriers, both rubber and water, they
become saturated with the gas according to the pressures involved.
-Also, if any gas-filled space exists between the barrier and the
water, this is at a pressure corfesponding to the flow through the
membrane and into the cell. When the external pressure changes,
especially a decrease, the 02 trapped in the space and in solution
must equalize with the new external condition. This is achieved
by oxygen escaping to the atmosphere cor being used by the cell,

In order to speed this equilibration, several steps are possible.
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The more current produced, the faster the O2 is used, the faster

-

the response. The thinner the barrier, the easier the 02 diffuses
through it. The shorténghe gap between the barrier and the electrode,
the less water andAgas trépped and therefore, the less quantity ﬁo be
disposed of. These are valid, assuming that the cell, itself, has
a very fast response to p02; i.e., the barrier arrangement is the rate
controlling factor. The last two méthods are the two whiéh can be
given the most attention since the amouht‘of current produced affects
both the amount of water produced and the amount of hydrogen used.
VBoth of these must be kept to a minimum to have é practical instru-
ment,

~The time response then can be improved by making the
diffusion barrier thin and-the gap between the barrier and membrane
small. Restrictions upon these two’media are obvious. The barrier
must remain thick enough to allow the necéssary pressure drop Sso
that the cell does not saturate below the desired upper end of the p02
range. Also, if the barrier comes in contact with the mewbrane,
it appears to block off the active sites of the catalyst, thus
completely polarizing the cell. This became apparent when with the
barrier in contact with the membrane, gas was‘trapped between tlem.
When the external pressure was reduced, instead of the output being

reduced, as would be expected, the output increased. This is assumed

to be due to an expansion of the trapped gas and a consequent




separation of the barrier and membrane. The active sites were thus

free to react with the 09 and the output increased. A trade-off is

-

therefore necessary between the barrier thickness, its distance from
the membrane and the current drawn. The baf;iers teéted up to now
have been made of silicone rubber which is very flexible and diéten—
sible. A support is needed on both sides of this to provide“it with
rigidity to retain its shape. If it were unsupported, every change
in pré38ure would cause it to deflect eithér_iﬁward toward the |
IEM or outward. This allows the trapped 02 to contract or expand
immediately; but the cell doesn't come to equilibrium. The time
delay of this system is very long indicating that a rigid barrier
is mnecessary. |

A schematic of the timé response test set-up is shown in
kFigure 30.‘ The two valves utilized were quick opening ball type
valves which were actuated by han&. A serieé of runs on the type "H"
sensofs with the 1 mil barrier placed over the cathode collector and
supported on both sides by 5 mil tantalum screen were performed. A
step change was made from 400 to 160 mm Hg pOz with the sensor output
recorded on a Sanborn recovder set at 1 mm/sec. Response times of
25 to 32 secondsvwere recorded for a 627% value of‘the delta output
between 160 and 400 wm Hg pOy. This time could be decreased by

increasing the current. Reducing the load resistance or increasing the

effective area of the barrier, would increase the current. The latter
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approach is deemed more desirable as linearity, and stability

-

are affected by the load.

-
-

8. Dead Ending of‘H2: When hydrogen is produced commercially

it contains some impurities. Initial testing was performed with the
hydrogen under a constant purge so that water and contaminants

were carried away.. Tﬁis eliminated any possible build-up of imputities
on the Hy reaction site. All phase D testing waS'accomplished with
the H2 supply dead ended. No evidence of chemical debris or excess
water occurred except when water bubblers were in use on the hydrogen
inlet. With the very low current densities in effect the build-up

of impurities should not be a problem. Examination of the Hp side

of ion-exchange membranes after extended runs showed excessive dry-
ness. As a precaution'agaiﬁst dryout, a small doughnut of poly-~
urethane was saturated with distilled water -and inserted in the

hydrogen reservoir of the prototype units.

9. Response to pHy: Hydrogen pressure testing was performed
early in the development program to establish a design point for
the H, pressure regulator. A ploé of H, pressure vs sensor output
voltage appears in Figure 31. It can be seen that sensor output
does mot fall off until the Hy pressure is reduced below 24 inches of

Hg. absolute. H» pressures above this value have little effect on
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the output of the sensor. Since extremely fine pressure control

@

was not necessary, a nominal regulator outlet pressure of 15 +0.5 psia

for the hydrogen supply wés'designated. A relatively low pressure

was selected to minimize leakage problems on the H, side of the ion~

2
exchange membrane. ‘
10. Humidity: Since the ion-exchange wmembrane contains 50 - 607% water

by weight it was suspected that humidity would have a significant
affect on sensor performance. Humidity tests showed thaé relatively
stable output was achieved at relative humidity levels from 20% to
80%, Humidity levels below 20% caused the membrane to dry out and
increase the output vbltage significantly. At 16% R.H.,(110~70°F)
the output started to increasg after a period of 2 hours. The out-
put increased at a,conétént-rate from .220 to .436vV over a period
of 1% hours. It remained at .436 V for the remainder of the run
(5 hours). |

Desiccation inall likelihood occurred as a result of the
extremely dry atmosphere. The dry hydrogen gas used tended to in-
crease the rate of evaporation from the pores of the ion-exchange
membrane. A test at 88% R.H. (73~7OOF) produced a very gradual
decrease in output from ‘281 V to .054 V after 50 hours. Even
though the barrier was within .010 Qf the IEM,trapped water apparently

decreased the overall permeability of the sensor a significant amount.
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A humidity run of 15 hours at 50% showed no tendency to increase

or decrease the output sigpal. If humidity variations are.objection~
- able below 20% R.H. and above 80% R.H. a design change must.be imple-
mented- to counteract this effect. However,'between~the relative
humidity ranges of 20 - 80% the sensor is relatively unsensitive to

- variations in humidity levels. Figure 32 shows a photograph of the

humidity set-up utilized for the above testing.

11, Multigas Atmospheres: When 0, is mixed with other gases,
as in ajir, it is theorized that the diluent gas tends tévblock off
active reaction sites on the ion-exchange membrane causing some
polarization. In practice it can be seen that the sensér prodﬁces
less current for the same p02.when in air than when in pure oxygen.
Figure 33 shows a plot of output vs total pressure for various oxygen
partial pressures; It can be readily seenlthat as more diluént
gas (nitrogen) is added to the atmosphere, the sensor output is
reduced. Tests with COZ prodﬁce an identical effect. The G.E.
Missile and Armament Department has done extensive development work
on the diffusion of gases through thin porous membranes. Discussions
with this group substantiated the fact that diffusion of oxygen
through a diluent gas is not rate determining. Their testing showed
that O, permeability coefficients do not vary in air or in 100% O

2
atmospheres. The fact that the sensor output is lowered by a
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diluent gas requires the use of different barriers for a single

gas and multigas atmospheres to achieve maximum sensitivity in both

< -
-

cases. A 1 wil barrier gives maximum sensitivity for a multigas
atmosphere; whereas, a 4 wmil barrier is mecessary to prevent sat-

uration in the pure oxygen atmosphere.

12. Storage Methods: As previously mentioned, the moisture state

" of thé IEM affects its output. Irreversible damage takes place

when the cell dries out cowmpletely or partiall&. It has been
established that the cell must remain operating at all times at a
moderate cufrent once it has been started so that moisture is con-
tinually produced. Thus the sensor can be stored in an operating
mode by sﬁ?plying hydrogen either from the reservoir or externally.
Also the sensor has been aesigned so that the IEM insert element

can be disassembled from the remainder of the assembly and stored

in distilled water.

Several tests were performed to prove that sensér performance
does not deteriorate when stored in distilled water. Storage periods
ranged from 3 to 6 weeks with no'drop~off in sensor output at room
ambient conditions. However, calibration curves could not be dupli-
cated and varied by 25% at the high end of the cﬁrve (p02 = 460 mm Hg).
This variation exceeds the maximum trimming capability of the prototype
units, so that sensors would have to be recalibrated after prolonged

- storage.
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IV. CELL ASSEMBLY =

‘The stdrage_pf the ion-rexchange membrane should be accomplish-

ed in a clean, sealed, ﬁblyethylene envelope—and stored in a |
“darkened chamber controlled at a minimum 90% relative humidity.

The membrane is sensitive to ultraviolet light and can be
artificially aged by exposure. All components of the cell must

be completely cleaned before assembly. Parts that come in

contact with the IEM should be rinsed inAa 2% sélution of sulphuric
acid to prevent any hydroxide from coming in contact with the

IEM. Any séap on hands, working surface of bench, or fixtures,
~will deteriorate the IEM. Rubber gloves washed in the acid
solution are worn when removing the platinum black from the
perphery of both sides of fhe-l/Z inch -IEM wafer. A 3 power illumi-
nated wmagnifying glass is used as an aid, withh a dissecting
microscope used for final imspection. Care must be taken to

keep the TEM moist at all times during the scraping operation.

The current collectors should be checked for flatmess, pickled

in HCL for 15 - 20 minutes, and washed in distilled water. Im
building up the cell, the collector lead out wires are sealed to
the plexiglas housing as a precaution against oxygen leakage.
Bostak #1142 adhesive was used where the tantalum wire protruded
through the housing. When the barrier is placed oun the collector,

-the only path for oxygen to get to the IEM must be through the
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barrier. Most trouble of this type can be avoided by
tightening the retaining nut suff;cieﬁtly to maintain a good
seal. VWhen a’sensor.is.but into operation, a break-inkperiod
is necessary (1 day). Initially the output will dfép from open
circuit voltage to a very low value, 1 —»2«mv; After 6 - 8
hours fhe output should increase to a nominal value of .120 V
with a 1 mil barrier and the trim pot set at a nominal Qalue
of 25 ohms.

If it is hecessary to install a new ion-exchange membrane,
‘the fuel cell portion of the sensor must be detached from the Hy
 reservoir. Once the sensor housing is remoﬁéd'the plekiglas
insert can be pushed out from the sensing end. Care shouid be
exercised not to,harm;the circuitry placed betweén the insert
and the ﬁousing; A terminal screw on the insert can be loosened

/ -

allowing the collector lead to be pushed up through the hole in
the plexiglas housing. Only the upper most collector need be
raised approximately one half inch. This will permit the ion-
exchange membrane to be removed and feplaced. This procedure
should not be necessary for sevefal months unless drying out
~occurs,
The barrier consists of 4 mil thick silicone rubber for a

1007 oxygen atmosphere and 1 mil thick silicone rubber for a two

as atmosphere. Replacement of the barrier is accomplished b
P y
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removing the retaining nut at the sensing end of the sensor.
The teflon and viton washers are removed, which will expose
the retentidn screen and barrier. Since only a few inches of

water A P exists across the membrane the barrier may be re-

moved while thé hydrogen supply is attached.
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V. SENSOR OPERATION

@

A. Discussion of Fuel Cell Function

Fuel cells aré Q;délly tested in the 1abora§ory'by applying
a potential across the terminals of the cell and fhen observing
the current which the cell will pfoduceror vice-versa. The instru-
ment used for this potential-current measurement type of experiment
is the potentiostat which maintains é given terminal volfage under
varying current. Most fuel cell data présently available has been
gathered in this manner.

Since the subject cell is to be used.as its own source of
power and is to be run with a load on it, i.e., current being drawn,
the approach taken to determine its voltage-current charactéristic
was to vary'a resistance plaéed across its terminéls. This, in
effect, placed a voltage across the ;ell, bgt in such a way as
was determined by-the equilibrium which the cell maintained between
its own E-I relationship and Ohm's law. This approach was more
meaningful, since it was a close approximatiocn to‘the conditions
under which the cell would be used.

Once the E-~I curve had been plotted, it is usually easy to deter
mine the range of resistances at which the celi.operates under the in-
fluences of the wvarious polarizing mechanisms. Since the fuel cell will

saturate, or reach a nearly constant output potentiagl at very low partic
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pressures of oxygen, it is necessary to make the cell more
responsive to changes in p02. To dg.this the cell was designed
to operate under the influente of concentration polarization.
In order to insure that the cell would operate in thiércurrenf
limited regioﬁ, a mass éransport barfier was used to impede the -
movement of oxygen to the reaction site. The barrier seals
the cathode from atmospheric oxygen and also traps the wafer
vapor and condensed water produced in the reaction between
the oxygen and the electrode. Both the barrier and water

act as impediments through which the 0y must diffuse. When
sufficient current is drawn from the cell, it bécomes cdn—'
centrétiop polarized.

After a fuel cell is gonstructed and its operation begun,
various pehnomena can occur which lead to undesirable cell
out@ut, When hydrogen and oxygen are introdﬁéed to their
respective electrodes, the cell should generate open circuit
voltage which is in the range of one volt. Measured with a
high impedance voltmeter, thié initial output should surge to
a peak value as the gases reach thé catalyst and then should
remain constant there. Often times, though, the voltage falls
from the peak as fast as it has risen. This open circuit
polarization is often due to impurity currents caused by the

leakage of either of the gases to the other electrode. For

instance, if the seal between the H2 and 09 sides of the
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membrané was not secure and Hy -got to the 02 side, the
Hy would combine with any 0, present on the nearest cata-
lytic surface, thus polarizing this area of the catalyst.
Since the OCV is a function of the acti;e area of the
catalytic surface, this decrease in area cuts down the
cell's output.

Also, under certain circumstances, concentration polari-
zation may occur at low voltéges. This could be caused by
some small concentration of reaction products or other im-

- purities which may coat or adhere to the surface of the
electrode. The reactants must be transported through them
to reach the reactioﬁ site. Impurities may also be adsorbed
onto the active sites of the catalyst, thereby reducing the
active area anq polarizing the cell. In-any event, not too
infrequently, when a cell is iniﬁially put into operation,
its OCV is much less than expected. A method usually found
adequate to remedy this situation consists of putting the
cell through a breaking-in period in which a high current

is drawn for a short period of time. This seems to burn off
any masking’elements and upon its return to an unloaded state,
its OCV is invariably higher. »This procedure can be repeated

a number of times until a maximum OLV is attained.

The usual E~I curve for the sensor has an OCV between
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0.95 and 1.05, and initial activation polarization drop to
0.8 - 0.85 at about 2 or 3 ma., ééen & gradual IR type drop
to 0.4 or 0.5 at 30 ma. afd finally concentration polarization
takes over; Occasionally, the OCV starts at 0.8 ;Ab.SS, has
no activafion polarization drop and continues with a slight
IR drop normally through tﬁe rest of the curve, Figure 3.
This means that the cell has beenrpélarized by some means
and that activation polarization has been masked by some
other mechanism. This can probably be atfributed to an in-
efficiency of the catalyst, contributing to a T«ﬁ S lossvof
free energy. |

Thg water produced by the cell is a mnecessary detrimeﬁt
since the membrane mué; remain moist to maintain its integrity.
The water which is trapped by the barrier is beneficial in
this way as well as in the form of a polarizing agent. Its
evaporation seems to be kept at equilibrium by the barrier
which will pass water vapor easily. One difficulty
arises with the formation of water at high currents. Since
the vapor is produced on the 02 éide only, it condenses on
that side of the electrode starting at the junction of the
membrane and current collector. The liquid water collects

around the cooler periphery of the electrode and covers the

outer exposed edge of the electrode surface. As more water
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condenses, the covered area gets larger and the exposed

-

active area is reduced until a pimpoint of area in the center

e

of tﬁe electrdde is all that is unshielded. Because the
hydrogen side of the membrane is saturated with Hzrand the
cell is producing a relatively high current, this one spot,
Being all that is directly exposed to 0, produces the brunt
of the current. As the process is nearly totallyrirrevéf?
sible ét high outputs, the reaction is no longer isothermal
and the temperature of that one spot may rise enough to
burn thrpugh the membrane. 1In this case the membrane is
irrepairably damaged, since the 09 and H, mix and can Bﬁrn,
in thepresence of the catalyst.

The cell can be cﬁ;rent'limited not only by solid and
liquid diffusion media, but also by’gases. When the cell
is operated in air of a certain p0y its du;put is lower than
if it were operated at the same pressure of pure 02.

B. HYDROGEN CHARGING

Periodically it is mecessary to repienish the hydrogen

gas in thé reservoir of the sensér. A charging port with a
check valve is incorporated in the bottom of’the»reservoir.
A charging line can be attached to this fitting and hydrogen
admitted to 2000 psig. Care should be taken to evacuate the

charging line before adwitting any hydrogen gas.
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€. CALIBRATION -

Befq;e operating the sensor it should be calibrated
with the mixture of gases it will be exposed to.- If oxygen
ahd carbon dioxide are to be monitored the partial pressures
of each gas should be includéd in the calibration mixture.
After an initial calibration curve is obtained the trim‘
potentiometer is used to adjust the output signal to agree .

with the curve. The trim potentiometer varies the total re-

sistance from 65.6 to 115.4 ohms.
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VI. RECOMMENDATIONS & POST DEVELOPMENT TESTING

-

‘During the development program for the oxygen partial pressure

sensor many sérious problems were encountered and resolved.
Several other problems affecting performaﬂce,have'béen recognized
but not corrected due to budgetary and schedule limitations.
These problems are outlined in the following paragraphs and
recommendations made for improving overall sensor perfoimance.

1. During the course of the development program on the
oxygen sensor it was evident that the senéor output drifted
over 1ong periods of time, i.e., 30 days. This drift was
evident when p0, vs. output curves were obtéined'on suééessive
days. The drift amounted to as much as 107% decrease over a 30
day period. Variatioﬁs in water content at the surface of the
ion-exchéngg membrane result in significant changes in diffusion
rates and more importantly, in therconductivity of the desiccated
portions. Also internal resistance of the cell can change
with time. To minimize the above effects, an increased load
resistance could be used; i.e., 1000 ohms, which will offer the
major resistance in the cell cirﬁuit. Minor chaﬁges in water
content or cell resistance would then have little affect on
the output sgignal.

2. Electrical leakage as described in the Phase ''D"
Development Program has a significant effect on the repeatability

of the oxygen sensor. Platinum black remaining in the cleawred
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peripheral area of the ion-exchange membrane will cause
output to vary between sensors. -Platiﬁum migration into
this cleared ‘area can cause sensoﬁ &rift.

‘Elimination of this short circuit could be‘achiévediby
‘having special "bulls eye" type ion-exchange membranes.
fabricated by the G.E. Direct Energy Conversion Organization..
This would entail applying the platinum black only to ihe g
5/16 inch diameter center protion of the 1/2 inch diameter
membrane, thus eliminating any potentialicurrent leakagé
around the electrodes.

3. Introduction of nitrogen or any dilﬁent.gas,inté'an
oxygeq atmOSpheré decreases sensor output significantly.

This effect necessitéted,the use of two thicknesses of barrier;
a 1 mil thick barrier for multigas: and a 4 mil thick barrier
for a 100% oxygen atmosphere. It is hypoghisized'that the
diluent gas blocks off active sites onAthe,ionmexchange
membrane thus preventing the molecules‘of'oxygen from taking
part in the reaction. This phenomenon should be investigated
further to resolve whether all gases behave similarly. Also
the effects of trace contaminants should be investigated.

4. The prototype designs supplied under contract NAS-9-1300
are by necessity crude in comparison to an operational instru-~
ment. The sensor could be simplified by providing a plug-in

IEM module, so that replacement would merely consist of
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unplugging the old IEM and substituting a fresh one. ‘Re~
liability and ease of maintenance would be greatly increased with
this modular conceﬁt.

5. The possibility of casting silicone rubber barriers directly
on the ion-exchange membrane offers several attractive benefits.

Decreased response time would result from reducing the volume
between the barrier and IEM to a minimum; thus eliminating
any time lag for the pO, to stabilize after a step cﬁange to
the exposed atmosphere. Another advantage of the integral
barrier IEM is the reduced effect of humidity on sensor output.
Elimination of a volume for water to accumulate should reduce
the effect of water build-up on the IEM. A third advantage
would be the iﬁhereﬁt séaling afforded by this approach.
Oxygen leékagq paths could.efféctively<be eliminated from the
sensor. Preliminary testing has indicated that blockage of
active sites would not be a problem.

6. It is estimated that the volume of the oXygen sensor
could be reduced by 40% and the weight by 50%." Thus, a sensor
package could be developed which would weigh 8 ounces and fit
within 9 cubic inches.

POST DEVELOPMENT TESTING
Prior to the delivery of the two prototype sensors to the

Manned Spaceflight Center, it was learned that a joint Air Force,
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General Electric, manned space cabin test was scheduled for the
later part of August. Permissiog.was obtained to utilize ome
of the NASA oxygen sensors as a ''back-up" instrument during
this test. Prototype sensor, Number 2, was instaliéd in the
environmental control console located outside the thermal-
vacuum chambef. The ECS was connected with the cabin through
two 6" lines. The atmosphere inside the cabin was thus
circulated through the ECS where the gas was cooled; and
moisture, CO,, and odors were removed. Total pressure was
maintained at 360 mm Hg with oxygen partial pressure held at

170 45 mm Hg. The calibration curve for thé Number 2 éensor
utilizgd during the 15 day test is included as Figure 34.V

A 1 wmil barrier was ufilized for the 0y, N, and COp gas

mixture. Ambient signal output remained at .110 - .111 for

eight days prior to the start of the manneé test. For the

first two days of the test, sensor output correlated closely
(+2%) with the prime 0, sensor. However output proceded to drop
on the third day and continued until an output of .050 volts was
achieved. This output stayed coﬁstant for the remaining 10 days
of the test. When the sensor was removed from the canister where
it had been mounted it was discovered that the internal volume of

the canister was filled with water. Apparently ice

accumulating on the evaporator of the system was blown into the
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canister where it melted and remained. The relative
humidity incthe canister must have approached 100% so that
the sensor built»up a 1aye£ of ﬁroduct water, this reducing
the amount of oxygen available to the ion-exchange membrane.
Testing of the prototype sensor immediately after removal
‘from the system showed an increase in output to .110 volts.
Monitoring of the p0, sensor Number 2 was continued November 2,
1964, with the ambient output still holding at the .110-.116
volt level for a total of 54 days of continuous operation.
At this time the output voltage climbed to .129 volt on
October 1, 1964, and .175 volt a day later, where upon the
output ceased.

Delivery of senéor Nﬁmber 1 tqo NASA Manned Spaceflight
Center, Hduston, Texas, was‘mad; initially on August 10, 1964.
Response to oxygen was good but a definite downward drift
persisted at all oxygen partial pressures. The rate of
this voltage drop was approximately 2 millivolts per minute.
The sensor was exposed to various oxygen partial pressures
by attaching it to a closed aluminum cylinder which was
evacuated and pressurized to any given pOj. After returning
the sensor to GE-Valley Forge this drift could not be

reproduced when tested in the conventional bell jar test
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set-up used previously. However, when the cylindrical

- -

calibration fixture was tried a definite reduction in output

was evidenced. An odor was evident fr&; this calibration
chamber which probably resulted from the acidic acid contained
in the RTV silicone adheéive utilized in sealing the chamber.

It is theorized that this constituent of the adhesive vaporized
and poisoned the ion-exchange membrane, resulting in~arlower
feading. Subsequent monitoring of the sensor continued

until December 1, 1964, when sensor Number 1 failed. This
sensor had low (.010 volts) readings just prior to failure,

so that a definite mode of failure (high or low output) cannot
be predicted. Failure analysis on this sensor showed considerable
migration of the élatinum black to the edge of the membrane.
This current leak increased untii a short circuit existed
across the electrodes. The P-1 sensor had run continuously

for 90 days. The hydrogen reservoir was recharged to 1200 psig

three times during this period.
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- - APPENDIX A

1.0 THEORETICAL:CONSIDERATIONS

An initial study of mass tranmnsport and electrochemical
processes was undertakeﬁ to develop a fundamental,underétanding
of the basic design parameters invoived{in a fuel celI‘typeﬂoxygen
sensor. The data presented below shows tﬁe effect of oxygen
partial pressure on tﬁé polarization of the cathode in an ion-

exchange type system.

2.0 BASIC CONCEPT

A. 'Descripfion—of a Fuel Cell

A fuel cell is an electrochemical—enérgy conversion

system in which a controlled oxidation-~reduction reaction between
reactants, fed continuously from an external supply, takes place
in the presence of a catalyst so that the energy change in the
reaction is released nearly isothermally in the form of an electric
current instead of heat. This definition applies also to consumable
electrode cells. The basic components in a fuel cell are oxygen
or air inlet, fuel inlet, catalytic electrode, electrolyte, current

collectorse and necessary seals.
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According to physical chemistry‘literature,( ) a- fuel’

cell can bé regarded simply as a bielectrode system;iniwhich a

net rate of oxidation takes pléce,at the anode and a net:-rate. of
reduction at the cathode when the electrodes are: coupled,.resulting.
in a flow of electrons through an external resistance orflOQd;,

In the p02 sensor the fuel used is hydrogen.. Ignoring'apy\inter—w
mediate reactions which take place as the ions pass into solution
and are transported through the electrolyte, the reactions at

each electrode are as follows:(z)

at the anode

zﬁa@&f——*é{?’/‘%”&%é’gv (1)

releasing ions which pass through the electrolyte to the cathode
and electrons which are picked up from the anode, pass through
the load and reappear at the cathode.

At the cathode

br” + LT F O, ——= 2 S0 | (2)

producing water as the end product of the reactions.



The over-all reaction in_the cell representing the com--

bination oi the half cell reactions is

-

- -

2/My 70 — 2440 (3)

The above definitions for anode and cathode caﬁ‘be séen"to*
be the reverse of common electrical engineering'terminology in which
current flow is opposite to electron flow. In EE terminology, the
hydrogen side would be the cathode (-) and the oxygen side, the
anode (%). The cathode is, by definition,,éﬂsource,ofJelectrons;
From an external load looking at a fuel cell, the electrons are
suppliéd from the hydrogen side which makes that electrode the
cathode.4 Internally, the hydrogen sees the electrode as a sink
for electrons, thereby making it the anode..

B. Electro Chemical Background

Various thérmodynamic formulae can be used to describe
and predict the performance of a fuel cell. Faraday defined the
equivalent weight of a substance as its molecular wedght divided
by the number of charges it’bears when ionized (valence). He found
that the amount of electricity used or produced in an electrochemical
reaction is proportional to the number of equivalent weights of

the substance involved in the reaction.



Thus Faraday's Law can be summarized in the equation

- -

J?i;k = C? ~ }%gég

(4)

where I is current in amperes, t is time, Q is quantity of electric
charge in coulombs, m is the weight of substance involved, M is
molecular weight of the substance, Z the number of'charées on the
ion, and F is the constant of proportionaliﬁy called Faraday's con-
St‘ant. (3) .

The amount of energy which can be liberated by ; chemical
reaction at any particular tewmperature, called the Gibbs Free

-

Energy, is given by the expression

Q6 s K Tas (5)

This simply states that the change in free energy must
egual the corresponding change in/heat content less the heat exchanged
with the surroundingsvfor a reversible; isothermal, isobaric reaction.
The TAS term in the case of hydrogen axd oxygen represents a loss
which reduces the maximum theoretical efficiency to 83% when liquid

s
|6 B :
water at 25 C is the proauctﬁk‘)
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For homogeneous_gas reactions, that is, reactions taking
place entirely between gaseous products and reactants, a good approx-

imation in many cases is to. consider that the gases obey the ideal

/
{

gas laws.

For a chemical reaction between ideal gases

A6 < IEVRTE. e Mo £ (©®

where f;%; is the Stoichiometric number of moles of a product

and v is the number of moles of reactant, and /iz is the

individual partial pressure of each substance.(B)

For an ideal gas, the ratio of the partial pressure at the

state under consideration to the partial pressure at an arbitrary

standard state is called the activity,

. /"
= //@,; ()

It can be seen that if we define the standard state as one

atmosphere, the activity becomes equal to the partial pressure at

the state in question,

éjgﬁ # /%?
(8)



For the ralized reaction /27 fé@@@ﬁ'ﬁép the

¢}

equilibrium constant, Kj .is defined by

R £y |
S | ®

o=

where /f? are the individual partial pressures. Then it can

be shown that

ﬁ-f@w %P&% ,&,Lﬁ) g,i'% :&é@f? (10)
(f%ﬁ@"@g o

Therefore,

. T .
a6~ 26°wer Lo () () (11)
#a)>@s)®

which is valid for a reaction in equilibrium.

If n equivalents of reactant are converted to products
and the electrons released pass through an external metallic
circuit between a positive cell EMF, E, the électxﬁal work
done on the cell is -nFE., It can then be shown that this

(4)

work is equal to the free energy change of the reaction,
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. 46 -nFE

- T ’ (12)
Using this relation in equatidn (11) the equilibrium
reversible (open circuit) cell voltage can be obtained as .
o LT )"
£ = £°. o A .
&
(2)“s)
(13)

which is a form of the Nernst equation.

Using this relationship the theoretical open circuit

voltage for a hydrogen-exygen reaction produciﬁg liquid H20 at 25°C

is 1.23 volts. At open circuit, when no current is drawn from the

cell, the potential developed across the cell is equal to the
potential corresponding to the reversible free energy change in

- transforming reactant to product. As current is drawn from the
cell thevpotential.across the ceil begins to fall. Part of the
energy used to maintain open circuit voltage is now expended in
moving the electrons involved in the reaction through the circuit.
The reaction, therefore, éan proceed only éé fast as the external’

resistance will allow the current to flow with Ohm's Law applying.



@

represented mathematicaiiy'as

)7 ® fy 'ﬁ (14)

where Er is the reversible emf and E is that emf which exists:
“across the cell. Polarization is a funqtion of the current drawn
from the cell and therefore can be expressed'in tefms of the re-
sistance in the external circuit. Depending upon the properties’of
the individual cell and the amount of current drawn, various mecth
anisms can control polarization. In each case the polarizing mech-
anism is the rate-controlling mechanism of the reactiom.

The outpﬁt characteristic of a cell, its voltage~current
relation, (E-I cu;ve) is dependent upon eleetrochemical kinetics
and mass transport within the cell.- The concept of electrode

kinetics can be used to explain why a cell is polarized when a

current is drawn.

C. Kinetic Theory of Cell O?eration
Theré are three major phenomena to which‘the loss of
cell potential has‘béen attributed, i.e., activation polaiization,
cell resistance, and concentration ﬁolarization. Activation polari-

zation results from the slowness of chemical and electrochemical



reactions at the given conditions.. At room temperature,. hydrogen
and oxygen would combine to form water at an infinitessimally

-

slow rate if just mixéd‘together. Energy must be- added to the-
system in order for the reaction to occur;ﬁThis.activation;energy;
can be supplied by heat or by a,catalytiC‘agént.t The catalyst;, .
which can be platinum in the case of hydrogen and oxygen, serves

as an accelerator for the reaction so that it will proceed relatively
rapidly at room temperatures. But there is mo guaranteé that the
substances will combine at a rate sufficient to produce the theoretical
free energy potential at the electrode. As the voltage is*decreésed
from the ideal equilibriﬁm value (open circuit); the reaction rate is
increased and produces a measureable current. At equilibrium con-
ditions a very minute exchange current flows through the cell and

the free energy of the reaction is used to waintain the potential:
across the electrodes. The maximum.voltage produced by the cell
depends on the free energy change of the reaction which depends upon
the concentrations of the reactants and products.

The cell resistance or IR polarization of the cell depends
largely upon the mobility of the ions formed and electrons released
at the electrodes and their ability to traverse the distance from
their entrance to the cell to a reaction site;‘ Major contributors
to this "Internal Resistance" of the cell are the conductiviﬁy of'

the electrolyte and the contact resistance between the current

collectors and the electrodes.



When high currents are dfawn from the cell, the third
cause of poiarization, coqpent:ation polarization becomes: the
controlling process. .Sinceba reaction can occur only as fast as
the reactants are fed to the reaction site and the productS'érei
cleared away, limitations on the physical movement of the fuel
and oxidant restrict the increaserof»reaction rate. A typical

voltagefcurrent plot for a fuel cell, illustrating the types of
| polarization, plotted on linear coordinates,‘ié shown in Figure 15A.
1. Open Circuit Voltage
~Let us consider an electrode which is brought in
contact with an elecfrolyte and which has absorbed on its surface
one of the reactants to be used in the cell. Assume the over-all

reaction to be: aAt bB + CoZ=xX +-yY + nx
(15)

A, B, C, etc., are atoms, molecules or active surface sites.

| Under open circuit equilibrium condictions the sum
of the currents associated with the~reduction side of the reactions
must equal the sum of the currents associated with the oxidation |
side of the reactions of each electrode.(l> Since the system under
consideration has only one redox reaction, the reaction rates for

each electrode can be expressed as currents,

Ce ® &% Lae (cathode) (16)
= S——— ORI == )

@‘ p‘ 7

éﬁ%ﬁ g Ji& ¥ Fea 7 ~ (anode)
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where ==— indicates reduction and=—==indicates oxidation, and ?’
: oa

andé? oc are termed the_e%Fhange currents for each reaction occurring
at the two electrodes; ‘ -

As the oxidation reduction reactions proceed at each.
electrode, electrons build up on its surface.. Eveﬂtually;thefelectrons
stabilize with the positive ions in the electrolyte to produce the:
single cell potential, (OCV). There exists a potentialidifferente‘
between t he molecular layer of electrolyte aéjacent'tO‘the'electrode,
termed the plane of closest approach, and the surface of the electrode.
If the electrode is freely conducting, the voltage change acrosé the
double layer can be.considered as made up of a section, t%f , across
the plane of closest approach and a section, jﬁ;, which extends into
the diffuse part of tﬁe‘eléctrolyte., Thus 2E/ + j§/=~ E, the
potential at the electrode. - (17

2, Activation Polarization(4)

The rate of reactions requiring appreciable activation

energy can be predicted, using Eyring's absolute rate equations

- G5 E

2 Aa Tyt G)E) CeTT r
| (18)

where 5@%,13 the rate of forward reaction (electrode to electrolyte),
(A) and (B) are the activities of reactants, and C is the concentration
of a reactant which determines the units of the rata;of reaction.
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% @
@ “is the activity coefficient of the activated intermediate

and &A% is the truncated standard state free energy of
activation. T - B

This rate theory assumes that the reaction occurs: by
the formation of an activated complex from the reactants. The
rate of reaction is the rate at which the complex,multipiés
transform to a complex which is in equilibrium with the“
products. The reaction would be |

+
aA + bB + Cz==Ct+ (activated surface complex).

The forward reaction'rate can be written

e, b _aFi

f@ﬁﬁf ﬁAaé% é%g) _ é%i) e éfj;??p (19)

The rate of the back reaction would be
‘ =% -0 Fe |
N )Y o =AF %

f'ifﬁfé = ff’é (k} é%ﬁ} g ig;f (20)
é?ﬁ% is the standard state free energy change of the reaction
from left to right per gm. mole of C. One of the activities must
be a surface activity (catalyst).

From eq. (12) it follows that a change in a free

energy change is given by

éﬁ{gﬁﬁ}) = hEav | (21)
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and therefore the existence of a voltage gradient across the cell

changes the relative standard-state free energy levels of any

reactant or product which carries a charge.
It can be shown that for a reaction taking place in a

potential field, the rate can be expressed as:

@ .
vy = Q) “©)c e"w%r & er
| | (22)
and -

g = 4 (x)x(yjﬁém(gﬁ’{wﬁf%f@C/-&)n%r

(23)

where ¢l is the fraction of free energy change caused by the field

s W by the time the activated intermediate complex is formed.
Considering a half-cell reaction and defining activation

polarization as?? =E - E (14), where Er is the reversible potential,

the reaction from left to right is aided by lower E, where Er and E

are defined as changes from the electrode to the electrolyte. Then,

using:
N mEEL A %méﬁﬁ@wwféiz> -
ez~ A(R)e er e T e
£ “&f"%m ’ffﬂ/"ffi‘i = %‘1 N
= < {r ‘M}} nAa(Cr s (24)
& & MM N

7




where (R) and (P) are the activities of reactants and products
raised to the appropriate molecularities.

Substituting: » ' -

A . =
nFE, = ~of *eri C®) )P a3
and considering the current density in the forward cwlyirectiérn to
be: | ‘
(% - wi)n e 7 _ - @

the current density produced is:

, - WY~ ] ,
7 ()" @) Y e e

To simplify this equation, an exchange current, I, is

defined as the rate of reaction per unit area in each direction at

equilibrium, !? -,

Zenrd(e)” (P)%‘fﬁﬁg&&ﬁﬁ%r (26)

and

Z L Ter - ¢ "(/”ﬁgé@'ﬁ%?% (27)
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P

= can now be considered thé fraction of polarization that
£

b

aids the current in the.direction considered, and is

the fraction which retards the back reacgion.
When ?L is very small, the exponentials can be

expanded and higher powers of @gaﬁ‘m/{%f neglected,

62?‘3 }?ﬁ571//%%?“‘ (28)
When ?? is large, the back reaction is insignificant and

the forward reaction is predominant. Therefore,
wnEn g | |
Z *Le CRT < (29)

and .
o . RTY 5, 4 N 2 s
ﬁg 14 ) /g;ﬁ géiyvéf’%?(fﬁgi;é%ﬁiﬁi>¢éian/22% (30)

which can be written as ‘ - ,
R _

5 %ﬂ» £ :
FrE Bl C S s | (31)
in terms of polarized potential, E, across the cell, where E° is
the open circuit voltage and I, is the exchange current (not current

density) at open circuit. This is termed the Tafel equation. It

must be remembered that these equations are for half cell reactions.

To get the equation describing activation polarization across the
whole cell, the potentials of the electrodes must be subtracted.

Using the reversible potential difference between the half cells

A~15



at standard state Eoc as the standard state OCV of the cell,
, ,

the terminal voltage E ean be expressed as,

Lp s Eo Co b (P)7 ) Cu L) 0D
where subscripts é and a refer to cdthode and anode. Greene

(1)

and Greene '~ defined a term, the cell current constant, I,.,

evaluated at E_, = E  in the above equation. .Then E

T oc

T gould be

P

expressed in terms of I,. to give:

&L

.é:w- "?.é’;g“é‘//é/,z;/ S : , (33)

where :

-

Zé; ﬁf@& (.Z’c@/ge)—@%a*w@&‘ (34)

and & is equal to the sum of the values of the individual

eleétr@de Tafel slopes

¥ o QR + G N (35)



and is to be called the cell voltage constant. This, Eherefore,
i1s an equation of the form of a Tafel equation which can be:-used
to given the current-voltage relation of a full fuel cell. Figure: 11-2

shows the general shape of Eq. (33) on linear coordinates..

3. Internal Resistance
Polarization of a totalvéell,is the sum of tﬂé;half,
cell éffects, considered above, and the ohmic.polarization..
This latter effect deals largely with the conductivity of the
electrolyte and thé connections between electrodes and metering
devices. In the electrolyte, the resistance iS”embodied in the
manner in which a charged particle can move through an electric

field. The simplest relationship is direct linearity

-

. 57&5@ | o (36)

,45” & A?Zf - LR | @37

Internal resistance is usually the rate controlling
effect through the range of moderate current production, from the
Tafel effect region of activation polarization to the concentration
polarization region. The cell of interest for the pO2 sensor has.a
low internal resistance and additional circuit resistance can be
eliminated by properly securing the current collectors to the

electrode surfaces.
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4, Mass Transport Effect-Concentration Polarization

@

Fuel cells which use liquid electrolytes as conducting
media involve éroblems éésEciated with the transport of reactant
through the electroiyte to the reaction site which gives rise to
ionic concentration gradients in the electrolyte. The exact solution
to the mass transport problem is usually impossible to perform,
generally involving the solution of fhe Navier~-Stokes equétion
allowing for electrical forces. An apprbximate solution can be
obtained by assuming that the ions follow a relationship similar
to Fick's law which states that the diffusion raté is prpportionél
to the concentration. gradient and inversely proportionai to the
thickness over which the gradient extends. |

| Gr - 0(@ - C’)/'Sf D (38)

This line of reasoning can be pursued further and an
expression will be obtained which describes the final portibn of
the polarization curve, the current limiting region. But in the
cell being discussed here a slightly different approach is needed,
even though the result is'similar; The cell under discussion does
not have a liquid electrolyte but rather a solid organic membrane
serves as the ionic path. Electrolytg concentration gradients are

not important in this system because of the nature of the membrane
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itself and because it is on the order of a few milli-inches thick,
presenting a very short path to the ions. Concentration polarization

-

becomes rate determining only at very high current densities, when

a problem arises in connection with the tr;nsportation of the
reactants to the electrodes from outside the cell. This occurs when
air is used as the oxidant and the oyxgeﬁ must diffuse through the
nitrogen. Also, when the wéter ﬁroduced accumulates in a film on

the surface of the catalyst, the oxygen must diffuse thfbugh it to be
adsorbed.

For this case, assuming Ficks' law to hold, the rate

of diffusion of the reactants to the active surface is given by
F = Dert (cg- ¢;>{/§
. where D

coefficient, CB and Cg are reactant bulk surface concentrations and

eff is the effective diffusion

é; is the film thickness. Assuming that everything that gets
to the surface takes part in the reaction, then the current density

will be

? = D ADeH CC,@°@£>/§ | (39)

The maximum rate at which current will be produced is

given when C_ tends to zero at steady state

S

Ki = (2’7"@:@/2@? céd (40)

A-20



-

where&?Z is the limiting- current density. Then the current at

less than the limiting case will be:

nFo/s = gi/cé

Using eq. (27) modified to take into account a con-

centration gradient:

D Ly N g, AT

and assuming product accumulation is not detrimental to the reaction

e o [+ ) . ’%h/ﬁ‘&
Zﬁ"f//“%) o iter . o’ IMr sy
&
Assuming a first order reaction, a = 1.

Examining the situation in which the reaction is
irreversible and the back reaction signified by the term on the right
hand side, above, is negligible ( & === ¢ ), it can be shown (4)

that
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y R i . » e &
7 [(ﬁ%ghf‘)a&(zé/z) AR e ) o 2 48
where ¥] is the polarization of the half cell due to activation

and concentration polarization. Usz_ng é}» sg‘; n to find the

terminal voltage of the cell and the previous definition of Toc

Er = Erelenge) A2 fn) T F)“& A

This equation when plotted gives the usual Tafel form
o , ’ v
at low 4? and the current limited drop in ET at high currents as
shown by Fig. (3).

-

In the case of the pO2 sensor,-where gas diffusion
to the electrodeshis the main current 1imiting mechanism, the con-
centrations, C, in equation (38) through (41) can be replaced by
partial pressures. | |

A complete form of the equation for the polarization
curve would also include the ohmic losses. Assuming the polarization
is a linear fumction of the current, the.IR term can be added to

the polarization expression and the equation for termimnal voltage

becomes

=3 ‘ =]
CE R P S, ) BT P S 46)
Er Sl L nE Z/ree) T 4%5/;& |
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Each term this equatidn becomes predominant over a
. _

certain range of 5? -

5. Polarizing Effects

| Impurities iﬁ the reactants can produce two pronounced
effects. Omne is by reacting with each other and producing currents:
which tend to polarize the cell's outbut. The second isz;’block
off the active sites on the catalytic suffage.by'being strongly
chemisorbed thereby interfering with the wmain reactions.

-+ Assume that an impurity exists in very small.amounts'
and is preducing a current associated with its own redOX“couplé.
If its exchange current is high compared to the cell's exchangé
current it will produce a marked polarization of the cell. ’Since

-

the concentration of impurity is low and its exchange current is

high, it will react in a diffusion limited manmer over most of the
e
voltage range. If é§é7 is the impurity current density, the

&
easur urrent densit s 4
messured cur Yl

S tal s z”(é wn FrRr @‘“("“ﬁ)ﬁ ’gm},/éff’) 47)

since two currents of similar magnitude exist at the same voltage.

Thus ¢

f; %ﬁf . T e ézizﬁfz;/gé;}i?m{m@}f@ﬁ%/%y @)
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At open circuit, Z}%= 0 and -& 2= I Cg gh;ﬁ/ﬁfm@{/gﬁ(’z;?)
and a large poiarization:}ésults even though no cﬁrrent.is drawn
through the external circuit. If we are investigatiﬁg a reactionf
with a low exchange current I, we will not get the ideal reversible.
potential at open circuit unless the system has been sufficiently
purified to make é2453 small compafed to L, W

An example which applies to the case in point is that.
of oxygen getting to the hydrogen side of fhe membrane and visa~versa.
Small eddy cuirents are produced on one side of tﬁe cell since the
presence of both reactants and the catalyst éfovides faﬁpxable
coyditions for side reactions. The potential associated with the
current produced tends;tp genératera sizeable reduction in cell
output. IIf enough of the reactants exist on the same side of the
cell, combustion may even occur, resulting'iﬁ irreversible cell
kdamaga |

Electrochemical reactions usually proceed via active
surface sites on the electrode. Whenever gas is part of the reaction
system at least two consecutive sﬁeps transpife: gas absorption -
desorption and the electrochemical reaction. It is generally accepted
that when gas is used at an electrode the process of traméferring an

electron to or from the surface leaves the gas in a chemisorbed

state on the surface. The influence of the adsorption~desorption

A-24
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rates of the catalyst on the polarization depends upon their
relative magniéudes as cggéared with the reaction rate of the cell,
If adsorption is faét it doesn't become a Eontrolling factor and

its rate is not appreciably changed by‘potential changes or

pressure variations. Large currents result, surface coverage is
aimost constant and polarization is é function mainly of éhe electro-
chemical %eaction. The surface coverage of the catalyst ié its
effective activity in ionic discharge reactions and therefore

the rates of adsorption-desorption can affect the polarization
relations.

Let us assume that the cell in which we are interested
has electrodes with a catalyét that has a fast adéorptionwdesorption
rate and is always at a state near e;uilibréum. For the hydrogen
electrode in an aéid electrolyte the reactions can be represented

+

as

2 werwd SwEs * 5 — 2. ﬁ%’)

WO, . >SN

éf;/) A 44 O —— T Ay O va(@) + gerivs Swe (50)

where (H) is a chemisorbed atom. Let Cm be the maximum number of
active absorption sites per em? of surface in gm wmoles. Then

equation (26) and (27)
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Za[(@’&ﬁ'g%f),.g—(,gv}’ 4
' ) ' ) where ¢

. /- (B FL LS
T e p rh( )R peegC .%r

can be written in the form,

Fea(e) ) e (FE TN ot o

where A s MFA Cu and Q/ stands for :

Q"@ @@mﬁ%r _ eu(/-&)a/?%r (52)

The activities (R) and (P) will contain terms involving chemisorbed
surface concentrations.
An expression relating the amount of catalytic surface

area covered to the pressure and equilibrium constant, termed

Langmuir's isotherm, is written

B
pl=%e) Ao (53)

where 6, is the fractional degree of coverage and activities
can be taken as 8/% since at standard state, surface coverage is assumec
at @ = %. The concentration of chemisorbed species is then 6

cm

The standard state free energy related to chemisorption

can be expressed as

g /

O = @f%//@{f@g?@*j (54
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It can be shown that “the influence of the free
energy of chemisorption-on the reaction is contained purely in
the effect it has on é~and 1-8. Also, exchange current density
for metals with the same active area and number of active sites
will vary as a function of 9 and 1-8 and therefore with the
standard state free energy. The relationship between exchange

current and free energy is logarithmic, of the form:

()« fary e

This expression plotted out shows that the maximum
exchange current occurs when the surface has a zero energy of chemi-

sorption. Weak chemisorption occurs when & F ¢ has a high positive

o
value and therefore it ié harder for the gas to be chemisorbed.
Since there is’ﬁery littlé‘gas on the surfacé, the reaction is
slowed. A‘highly negétive gEFbc causes strong chémisorption in
which gaé can easily adhere to the QGrface“ The surfaée ié éaéily
saturated but the gas is held too strongly to reéct, thus causing
a low reaction rate. |

Thus, a good catalyst is one which has a Pal F,o near

ast and not be the rate determining

By

zero, The catalyst would react

process.
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6. Effect of pO2 on Celt Output
| Variation cf‘pz partial pressure has a definite
effect on‘the voltage output of the fuel éell and upon the current-
voltage curve. Under equilibrium conditions, at open éircuit, the
Nernst equation can be‘used to describe the variation of voltage output
with pOj. : S |

PR AR A ’lgk/?f’ | (13)

In experiments using flat plate and porous electrodes

in an alkaline electrolyte, Hartner, Vertes, Medina and Oswin found

(5)

the polarization decreases in a non-linear fashion as p0, increased.

Their studies were performed on cells operated at current densities

-

= sufficiently high to cause concentration polarization to be the

rate limiting process. The resistance to the mass transport of 02

through‘the‘liquid electrolyte to the reaction zone caused this

polarization. Using the relationship expressing current in the

) . . &
concentration polarized region as f% ﬁﬁﬁ(a,«c,a% equation 39

above, and concentration polarization as %?é %Agg;é%fg g éif% .
zfi o . §£Q &
from eguation 45 above, and

’ &i e P4 f"f@{’éé}%f Iy
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from equation (40); it can be seen a drop in concentration polarization
may be obtained by increasing limiting current. This can be accomp-
lished by increasing D, the diffusion constant, by increasing temp--

erature; decreasing 7é7 through agitation or increésing Cl” Keeping

the first two constant and varying Cl’ the polarization in terms of

0 found to be of the £ £ £(e0. )
p0, was foun vo e o e form ? /F /gm/ ({j;) A’7

at constant current. Assuming that the catalytic activation effect
was negligible, they found that the current in the concentration

. ; &
polarization region is a function of (p02)2 that is Z’/ ;ﬁé,ﬁé@ + A3

where A is 0.5. Normalizing,

2?//275? ‘/é?a&) /(’é@g 2_] . (56)

which is based on their experimental results.

There are two possible mechanisms which could exist
in the event that concentration polarization is the rate limiting
process. The first is liquid phase diffusion of dissolved oxygen,
the other is interphase mass transfer of oxygen from the gas into
the liquid phase. Should ordinary diffusion in the liquid phase
be the rate controlling step, and the liquid surface in contact
with the gas is saturated with 09, the current would vary linearly

with pOZ at V= C. Since the relationship found was a function of
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pure diffusionwas eliminated as being the mass transfer

rate controlling step in-these experiments.

These results illustrate the_fact that the output

of a fuel cell does vary with p02.

To get an insight into the dependence of El on pO2

equations (13), (26), (34), and (45) can be combined and expanded

S

to give
L e RT g () _ s @*é”)ﬁ"’é
hF Gﬁ?? C’éﬂgi&‘}ﬂé;(c@

c/;e/n' g&,wcé,) jg;,/_/é_@iwﬂ

- 7R (57)
o il é/;@j z

This relates Ei to Z? and p02 It is the equation for the family

of E-I curves run at various p02.
If the cell is operated with a resistor RL across its

terminals the gbove equation can be modified to yield:

L5 ®

y&.;(/?&hﬁ’& faé mi)%

ﬁé‘?‘é f?’é».f

f%’/; y é%g‘%\ e
Luhy st b f Ty o G e 65 AT S sy
e vk (A)eiey Les sl b G R G AT nFops

which 1s the general equation for any Ep vs QQZ curve for the cell.
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Since the cell will be operated in the current limited

region this equation can be simplified to:

-
- -

| ar ’ v ‘ £k
oé;"f;fs—;/&(ééJ (c’//s) - BT L (rnEy S -h- 2,
nF. o, RnFO (59)
which applies only to concentration polarized cells. This gives
an insight into the general logarithmic shape to be expected in
the Eq vs pO2 curve at constant RL° This equation should apply

to this development.
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APPENDIX B

DETATILED DRAWINGS AND PARTS LIST

PARTIAL PRESSURE OXYGEN SENSOR
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Amendment A
March 24, 1964

o

APPENDIX D

v -

-

Component Specification For A Hydrogen Pressure -

Regulating Valve and Reservoir

1.0 Scope - This specification establishes the design and
fabrication of an integral regulating valve and

reservoir, for use with pure hydrogen gas.

2.0 Functional Schematic

FEST  Forr
, ,

1

A

_ ) RECUERTOR
AL ST T ' . i%z - LSRG E

& VRvE RESERYOIR o

R

Y

BELIER Vgl g

3.0 Requirements

3.1 1Inlet Pressure =~ 20 to 2000 psig @70°F:
3.1.1 Proof Pressure =« 3200 psig @llOOF

- 3.1.2 Burst Pressure - 4300 psig @10°F

D-46
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Amendment A
March 24, 1964

o

-2 -
Outlet Pressure - The regulated outlet preésure shall be
adjustable from 12 to 17 psia with a holding tolerance of
40.5 psi., This adjustment feature need not be accessible.
Flow Rate =~ Valve shall be desiéned for a maximum flow
rate of 0.13 Sec/Min., hydrogen gas. . -
Relief Valve - A relief valve shall be positioned on the
regulating valve discharge. This valve will crack atA
25 +5 psig and shall be capable of flowing 0.25 Scc/Min.
minimﬁm. V |
Storage Reservoir - The reservoir shall be designed to
hold 0.5 grams of hydrogen gas at 2000 psig and YOOF.

Temperature Range - 35°F to 110°F. .

‘.Envelope - The size of the valve and reservoir shall not

exceed 13.8 cubic inches. Detail mounting requirements
will be négotiated at a future date.
Weight - The weight of the valve and reservoir assembly

shall not exceed 10 oumnces.

Protective Treatment - Whenm any materials utilized are
subject to deterioration due to environmental conditions,
they shall be suitably protected. The use of any coatings

that wmight crack, chip or scale shall be avoided.
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5.0 Design - This valve and reservoir shall be designed to
meet the general requirements of MIL-E-5727C although
no gualification test shall be performed.

5.1 Interface -~ fhe GE Regulator Vendor interface shéll coﬁ-
sist of 1%-12-UNF-2A thread. Depth shall be controlled
between 0.275 and 0.30 inches.

5.2 Unit shall be designed to operste in any arbitrary attitude.

6.0 Acceptance Tests - The follocwing acceptance tests shall
be performed on each unif shipped in the order stated.
Genefal Electric personnel shall have the right to witness
these tests at the vendor's facility.A

6.1 Proof Pressure Test - With outlet port capped the unit
shallAbe pressurized to 3500 psig at room ambient con-
ditions.

6.2 Performance Test = With the reservoir charged to 2000 psi
the regulator shall demonstrate stability‘by holding the
outlet pressure to 14.5 4+0.5 psia. This test shall be re-
peated with the reservoir charged to»ZO peig. This performance

shall be demonstrated in any arbitrary attitude selected.
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6.4

Amendment A
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Relief Valve Performance Test - The outlet pressure shall
be artificially raised until the relief valve cracks at

25 i3 psig. |
Leakage Test - With the reservoir éharged to 2000 psig
and the outlet port capped external 1eékage shall not
exceed 1 x 10~6 cc/sec at rdom temperature. Test gas is

optionai.
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